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Abstract: In order for a solar heating system to provide heat immediately after sunrise, a fast 
response is needed to the heat demand of a serviced space. The majority of existing solar 
heating systems have a slow response time due to the large volume of water stored in the heat 
storage/exchanger unit (HSEU). This leads to a slow heat delivery cycle, which results in 
discomfort for the occupants and thus creates a huge barrier to the wide deployment of solar 
heating systems. To overcome this critical issue, a novel interactive heat storage/exchanging 
unit (HSEU) employing a double-tank configuration was developed. Unlike conventional 
HSEUs, which have a single tank acting as the heat storage and exchanging unit, the new HSEU 
is comprised of a small tank for heat exchange combined with a large tank for heat storage. 
The small tank enables fast transfer of solar heat to the heating loop fluid without having to 
heat up the large volume of water in the entire HSEU tank, whilst the large tank is used to store 
and exchange heat between itself and the small tank using a temperature-oriented control 
mechanism. To test the proposed design, the heat transfer between the first (solar loop) and 
second (heating loop) fluids, the heat and mass transfer between the small and large tank and 
the associated operational strategy were investigated experimentally and theoretically for 
comparison. A conventional single tank HSEU requires around 120 minutes to deliver heat to 






space in around 20 minutes, thus creating a heating system which can respond significantly 
faster than traditional systems. The investigation of the heat exchange effect between the solar 
and heating loop fluids showed that the new HSEU achieved a convective heat transfer 
coefficient of as high as 391W/m2·K, which is 551% higher than that of a conventional tank. 
As a result, the solar thermal efficiency of the solar panel-array in the new HSEU based system 
was increased by 7.5% compared to conventional HSEU based systems.
Key words: Fast response; Heat storage/exchanging unit; Response time; Space heating; Solar 
thermal efficiency; Heat transfer coefficient 
Nomenclature
𝐴 area of building envelops, m2;
𝐴𝑢𝑓𝑒 floor area of the testing room, m2;
𝑎 height of the heat exchange tank in novel HSEU, m;
𝐶𝑝 thermal capacity of the working fluid, kJ/kg·°C;
D diameter of the heat exchange tube, m;
𝑓 resistance coefficient along the tube;
𝐺𝑟 Grashof number of the working fluid;
𝑔 gravitational acceleration, 9.81m2/s;
ℎ convective heat transfer coefficient of the working fluid, W/m2·°C;
𝑁𝑢 Nusselt number of the working fluid;
𝑘𝑠 absolute roughness of the corrugated tube, m;
𝑘𝑢𝑓𝑒 heat transfer coefficient between the under-floor coil and the testing room, 
W/m2·°C;
𝑘 heat transfer coefficient, W/m2·°C;
𝑙 height of the coil in the conventional HSEU, m;
𝐿 length of the corrugated tube, m;
△ 𝑝 pressure drop along the corrugated tube, m;
𝑃𝑟 Prandtl number of the working fluid;
𝑄ℎ𝑟.𝑢𝑓 heat release of the underfloor coil, W;
𝑄𝑒𝑥.𝑢𝑡 heat exchange between the under-floor coil and the testing room, W;
𝑄ℎ𝑙 heat load of the testing room, W;
𝑄𝑒𝑥 heat transfer of HSEUs, W;






𝑅𝑒 Reynolds number of the working fluid;
𝑆 area per meter heat exchange tube or the solar thermal panels, m2/m;
𝑆𝑡 Stanton number of the working fluid;
∆𝑇 temperature difference, °C.
𝑇𝑟 design room temperature for space heating, °C;
𝑇𝑎𝑚 ambient temperature, °C;
𝑇𝑓.𝑎𝑣 average temperature of the inlet and outlet of the underfloor heating coil, °C;
△ 𝑇𝑚 logarithmic mean temperature difference, °C;
𝑇𝑡 temperature of the water tank, °C;
𝑢 velocity of the working fluid, m/s;
𝑉 volume flow rate of the working fluid, m3/h;
𝑊 width of the heat exchange tank in novel HSEU, m;
𝛼 volume change coefficient of the working fluid;
𝜌 mass density of the working fluid, kg/m3;
𝜏 viscous stress of the working fluid, N;
𝜇 dynamic viscosity of the working fluid, Pa·s;
𝜆 heat conductivity coefficient of the working fluid or the wall of the heat 
exchange tube, W/m·°C; 
𝜀 heat transfer efficiency of the heat exchanger;
𝜂 solar thermal efficiency of the solar thermal collectors.
Subscripts
𝑏.𝑐 bottom surface of the corrugated tube;
𝑑 door of the testing room;
𝑒𝑥.𝑐 heat exchange process of the corrugated tube;
𝑓𝑐 working fluid in solar thermal collectors;
𝑓 working fluid flowing through the underfloor heating coil;
𝑓𝑐 ― 𝑓 heat exchange process between the working fluid in solar thermal collectors 
and the underfloor heating coil;
𝑖.𝑠 inner part of the straight tube;
𝑖.𝑐 inner part of the corrugated tube;






min minimum temperature difference of the heat exchanger;
𝑛 novel HSEU;
𝑜.𝑐 outer part of the corrugated tube;
𝑜.𝑠 outer part of the straight tube;
𝑟 roof of the testing room;
𝑠𝑐 solar thermal collectors;
𝑠𝑝 single solar thermal panel;
𝑠.𝑐 side surface of the corrugated tube;
𝑡 conventional HSEU;
𝑡.𝑐 top surface of the corrugated tube;
𝑤𝑑 window of the testing room;
𝑤 wall of the heat exchange tube or the testing room.
1 Introduction
In 2015 the annual building energy consumption in China and the EU was 576 and 225 million 
tons of oil equivalent respectively (Mtoe) [1, 2], of which 45% was for space heating, 14% for 
hot water supply and 15% for electricity generation. Solar energy based systems provided just 
2.1% and 10.3% of the total energy consumed in China and the EU respectively [3]. From this 
perspective the market potential for developing and implementing energy efficient and cost-
effective solar heating systems is enormous.
Solar heating systems (SHSs) have been under rapid development over the past few decades. 
A typical solar heating system (SHS) comprises an integrated solar panel-array, a heat 
storage/exchanging unit (HSEU), an auxiliary heating device, a primary (solar) loop charged 
with a solar working fluid and a secondary (heating) loop charged with a heating working fluid. 
Of these components, the heat storage/exchanging unit (HSEU) plays a critical role in ensuring 
a stable and secure system operation. The HSEU can store surplus energy, which is created 
when the solar heat supply is higher than the heat demand of the served space. The stored heat 






the served space. This balanced the gap between the heat supply and demand [4], guaranteed 
the reliability of the system and secured its energy saving potential [5].  
For solar heating systems which employ heat pumps, the HSEUs can significantly enhance 
their performance regardless of the heat pumps energy source (e.g., air, ground, or water). 
Kamel conducted a literature review on solar heating systems and their integration with heat 
pumps, which suggests that thermal storage is preferred to overcome the problem of non-
constant solar radiation intensity [6]. Mohanraj conducted research which showed that energy 
savings of around 15% could be achieved in a heat pump-based system using heat storage [7]. 
Yang investigated the performance of a solar-ground source heat pump system and found that 
the daytime water tank heat storage mode is particularly suited to buildings with a large short-
term heat load during the night [8]. Zhu combined a seasonal HSEU with a ground air source 
heat pump, and found that the solar seasonal storage process can significantly improve the COP 
of a GSHP system [9]. Jradi investigated the performance of a soil-based thermal energy 
storage system, and stated that the efficient energy storage techniques must be introduced to 
bridge the energy production-consumption gap and hence eliminate the mismatch between 
energy generation and demand [10]. Zhao conducted an investigation and feasibility analysis 
on a capillary radiant heating system based on solar and air source heat pump dual heat source, 
showing that the solar heating system can significantly raise its energy saving rate by using a 
heat storage tank [11]. Guo designed a novel heat storage tank which has much better 
performance than the one in the China national design code and its highest energy saving rate 
reaches 37.39% [12]. For an under-floor heating system, the HSEU can lead to a reduction of 
the heat load of around 40% for a building of 100 m2 floor area [13]. Furthermore, an HSEU 
enables an effective reduction of the peak load of the served space, thus leading to a saving on 
the operational cost of 7.8% [14]. The combined use of an HSEU and a solar assisted heat 
pump (SAHP) can lead to up to a 50% saving in operational costs [15].
Sensible heat storage is the most developed heat storage technology, which makes use of a 
number of affordable and freely available materials, e.g. water, air, oil, rock beds, bricks, 
concrete or sand [16]. Water is the best sensible heat storage fluid owing to its abundance and 
high specific thermal capacity. In particular, the combined use of water-based heat storage and 
market-available SAHP has become a popular space heating system due to its distinct features 






In a parallel solar heating system the solar panel-array operates in parallel with an 
air/ground/water source heat pump, thus enabling the heat load of the building to be met by 
either the solar panel-array or the heat pump. Usually the heat from the solar panel-array and 
the heat pump are initially stored in a single water tank; this amount of heat is then released to 
the heating loop fluid to provide space heating and domestic hot water [19-21]. The control 
logic is that the heat pump operates when the solar collectors cannot meet the heat demand of 
the served space. 
Existing HSEUs are based on a single large-sized water tank which is embedded with heat 
exchanging coils for heat transfer from the solar panel-array to the bulk of tank water. In 
general, the heat from the solar panels and heat pump is first stored in the tank, and then 
released for space heating and domestic hot water generation [22]. The tank, which usually 
holds a large volume of water in order to store at least one day’s heat from the solar panel-
array, acts as the heat storage as well as heat provider, thus ensuring the balance between the 
heat supply from the solar panel-array and heat demand of the served space. Due to the huge 
volume of water, the time needed for heating up the tank water to the required temperature (i.e. 
temperature required for the secondary loop fluid to work) is long especially when there is 
forced heat transfer. This leads to a significant delay in heat delivery to the served space. For 
example, in the morning when sun rises the heat collected from the solar panel-array cannot be 
used to provide space heating due to the low tank water temperature. Instead the heat is used 
to raise the temperature of the tank water until it reaches 40-50oC. This heating up time could 
long during which time space heating is unavailable. This would lead to a great thermal 
discomfort to the occupants, especially when heating is required urgently, hence the heat pump 
must be brought into use which leads to a significant waste of electricity.
In addition to the above, there are also challenges with respect to the temperature control of a 
conventional HSEU. First, space heating and domestic hot water supply are basic applications 
of the SAHP. The temperature requirements for the two applications are different; A 
temperature of about 35oC will be high enough for the underfloor heating system [23,24], while 
domestic hot water should be stored at 55 °C or higher in order to kill legionella bacteria [25,26]. 
The SAHP system needs to adjust the temperature when the operating mode changes, which 
can take place sporadically. With a large single HSEU it is difficult for the system to react 
quickly to the user's demand. Second, the consumer’s demand on heat varies from time to time 






temperature controls the level of comfort will not live up to the residents' expectations.
In order to address the above-mentioned challenges, we developed a novel interactive-double-
tanks-based heat storage/exchanging unit (HSEU). It is the first time that a small tank has been 
incorporated inside a large one in a parallel SAHP application. Unlike the conventional HSEU 
which has a single tank acting as both the heat storage and exchanging unit, the new HSEU 
comprises a small tank within a large tank. The small tank is used for the fast transfer of solar 
heat to the heating loop fluid, without the need to heat up the large bulk of the tank water. The 
large tank is used for storing and exchanging heat between the small and large tank, directed 
by a temperature-based control mechanism. Based on this structural and operational innovation, 
the researchers investigated the heat transfer between the primary (solar loop) and secondary 
(heating loop) fluids, heat and mass transfer between the small and larger tank, and associated 
operational strategy by using a combined experimental and theoretical analytic method. The 
results derived from this research could help to drive the wide deployment of fast responsive 
and energy efficient solar heating systems in buildings. Hence the novel HSEU could make a 
significant contribution to reducing fossil fuel energy consumption and carbon emissions on a 
global scale.
2. The conceptual development of the novel HSEU against the conventional HSEU
The schematic of a conventional HSEU is shown in Fig 1. A single water tank is employed as 
the heat storage and exchanging unit, which is integrated with two coil-type heat exchangers. 
The first heat exchanger is connected to the solar loop, allowing the working fluid to flow 
through and transfer heat from the solar loop fluid to the water in the small tank. The working 
fluid is a glycol based solution with a concentration ratio ranging from 30% to 40% and 
freezing point ranging from -10oC to -20oC. The second heat exchanger is connected to the 
heating loop, allowing the heating loop fluid (i.e., water) to flow through and transfer heat from 















Inlet of hot water
supply pipe
Tap water
Fig. 1 Schematic of the conventional HSEU employing a single tank configuration
The operational procedure of the conventional HSEU is as follows: (1) When the solar loop 
fluid temperature is higher than that of the tank water, the fluid is passed through the first coil-
type heat exchanger and heat is released to the tank water via the exchanger, leading to a rise 
of the tank water temperature; (2) When the solar loop fluid temperature is lower than that of 
the tank water, the solar loop fluid is stopped, leading to no heat transfer between the solar loop 
fluid and the tank water; (3) When the tank water temperature is higher than that of the heating 
loop fluid (i.e. water), the fluid is passed through the secondary coil-type heat exchanger and 
heat is received from the tank water via the exchanger; (4) When the tank water temperature is 
lower than that of the secondary loop fluid, the valves stop the fluid flow to terminate heat 
transfer between the tank water and secondary loop fluid. The control scheme of a conventional 
HSEU is summarized in the flow chart presented in Fig 2.
Fig. 2 The control scheme of the operation of the conventional HSEU






to significant delays in providing heating to the served space. Due to the large volume of water 
stored in the HSEU, the heat from the solar panel-array is initially used to heat up the tank 
water after sunrise. The heating service can only function when the tank water temperature is 
higher than the required heating loop water temperature for space heating (e.g., 40oC) which 
normally takes around 3 to 4 hours. As a result, a conventional system is not capable of 
providing heat during the morning hours (e.g. 8am to 12am) which results in the discomfort to 
the occupants and acts as a barrier for wider applications in buildings. To accelerate the heating 
provision a heat pump is usually brought into use, which uses electrical energy, creates some 
energy waste and hence leads to poor energy efficiency for the system.
To overcome this issue, the authors of this paper have developed a novel interactive-double-
tanks-based heat storage/exchanging unit (HSEU) which is shown schematically in Fig. 3.   
Unlike the conventional HSEU which has a single tank acting as both the heat storage and 
exchanging unit, the new HSEU comprises a small tank within a large tank. The small tank is 
used for the fast transfer of solar heat to the heating loop fluid, without the need to heat up the 
large bulk of the tank water. The large tank is used for storing and exchanging heat between 
the small and large tank, directed by a temperature-based control mechanism. The water in the 




















Fig.3 Schematic of the novel HSEU employing double tanks
The control scheme of the proposed novel HSEU is divided into three main steps: (1) When 
the solar loop fluid temperature is higher than that of the heating loop fluid, the pump on the 
solar loop will operate to transfer the collected heat from the solar panel-array to the secondary 






demand of house, the heat storage process operates by using the submerged pump; (3) When 
the solar loop fluid temperature is less than that of the heating loop fluid, and the room 
temperature reaches the lower limit, the heat release process takes place by using the stored 
heat to provide space heating. The operational control scheme of the new HSEU is shown in 
Fig. 4.
Fig. 4 The control scheme of the novel HSEU operation
3. Mathematical equations and computer model set-up 
3.1 Heat transfer process in the HSEUs
3.1.1 The heat exchange areas of corrugated and normal tubes
The corrugated tubes, as shown in Fig. 5, are used as the basic heat transfer elements of the 
heat exchanger. The advantages of the corrugated tubes are: (1) increased heat transfer area; 















Fig. 5.  The configuration of the corrugated heat exchange tube
The heat exchange area of the corrugated tube can be expressed as:
                                            (1)𝑆𝑒𝑥.𝑐 = 𝑆𝑠.𝑐 +  𝑆𝑏.𝑐 + 𝑆𝑡.𝑐
Where ,  and  can be expressed as:𝑆𝑠.𝑐  𝑆𝑏.𝑐 𝑆𝑡.𝑐
                                                      (2)𝑆𝑠.𝑐 =  2𝑁𝜋
𝐷2𝑜.𝑐 ― 𝐷2𝑖.𝑐
4
                                                    (3)𝑆𝑏.𝑐 = 𝑁𝜋2𝐷𝑜.𝑐𝑅𝑜.𝑐 
                                                     (4)𝑆𝑡.𝑐 = 𝑁𝜋2𝐷𝑖.𝑐𝑅𝑖.𝑐 
The numerical values for , ,  and  in Eqs. 2 and 4, are given in Table 1. 𝐷𝑜.𝑐 𝑅𝑜.𝑐 𝐷𝑖.𝑐  𝑅𝑖.𝑐  
Table 1. List of parameters shown in Equations 2-4
Name Value Name Value
𝐷𝑜.𝑐 0.015m 𝑅𝑜.𝑐 0.0015m
𝐷𝑖.𝑐 0.012m 𝑅𝑖.𝑐 0.0015m
N is the number of folds along per meter corrugated tube (/m), and can be represented as:
                                                                (5)𝑁 = 1/𝑙
In Eq.5,  is the length of the fold along the corrugated tube, taken as 0.006m in these two 𝑙
systems.






result, the heat exchange area per meter length corrugated tube is 0.087m2. Furthermore, a 
normal straight tube is used for constructing the heat exchange coil. 
The heat exchange area per meter length of normal straight tube can be expressed as:
                                                    (6)𝑆𝑒𝑥,𝑠 =  𝜋
𝐷0.𝑠 + 𝐷𝑖.𝑠
2
The heat exchange area per meter length of normal straight tube is calculated as 0.041m2 from 
Eq, 6. Hence, the heat exchange area per meter length of a corrugated tube is more than twice 
that of a normal straight tube. This means that for the same length of heat exchange tube, the 
corrugated tube has more heat exchange area. Furthermore, if the same heat exchange area of 
two kinds of heat exchange tube was needed, then the corrugated tube will have a shorter length 
and thus it can save more space.
3.1.2 Convective heat transfer coefficient of the working fluid within the heat 
exchange tube
The convective heat transfer coefficient of the working fluid is a key factor in the heat transfer 
process of the heat exchanger. Due to the corrugated configuration, the corrugated tubes can 
create a higher convective heat transfer coefficient under the same conditions as the normal 
straight tubes. The calculation of the convective heat transfer coefficient for the working fluid 
within the corrugated tube is given as: 
Stanton number of the heat transfer process in the working fluid can be expressed as [27]:






According to Eq.7, convective heat transfer coefficient of the heat transfer process in the 
corrugated tube can be derived as:
                                                         (8)ℎ𝑓𝑐 =  
𝜏𝑓𝑐𝐶𝑝𝑓𝑐
𝑢𝑓𝑐
The pressure drop, , along the tube is caused by the viscous stress, . As a result, the △ 𝑝 𝜏𝑓𝑐
balance between the pressure drop and the viscous stress can be expressed as [28]:















The pressure drop  along the corrugated tube can be expressed as [29]:△ 𝑝





Combining Eq. 10 with Eq. 11, viscous stress  equation can be re-written as:𝜏𝑓𝑐




The frictional resistance coefficient of the corrugated tube can be expressed as [30]:
                                    (13)𝑓 = [2 ∗ lg(𝑅𝑖.𝑐𝑘𝑠 ) + 1.74]
―2
By using Eqs. 7 to 13, the convective heat transfer coefficient of the working fluid of the 
corrugated tube was calculated as 11,540 W/(m2.K). 
3.1.3 The convective heat transfer coefficient of the working fluid in the novel HSEU 
small water tank
The Reynold number of the flowing process in the working fluid in the heat exchange water 
tank can be expressed as:
                                                          (14)𝑅𝑒𝑓.𝑛 =
𝜌𝑓𝑢𝑓𝐷𝑜.𝑐
𝜇𝑓
Where, the velocity of the working fluid can be expressed as:
                                                  (15)𝑢𝑓.𝑛 = 𝑉𝑓/3600(𝑊𝑎) 







Fig. 6.  The construction of 60L heat exchange water tank 
The average velocity and the Reynold number of the working fluid inside the heat exchange 
tank are around 0.01m/s and 200 respectively. The Nusselt number of the heat exchange 
process in the working fluid within the heat exchange tank can be expressed as [31]:




Where the constant numbers  and n are listed in Table 2.𝐶
 





Hence, the convective heat transfer coefficient of the heat exchange process in the working 
fluid within the heat exchanging water tank can be expressed as:
                                                            (17)ℎ𝑓.𝑛 = 𝑁𝑢𝑓.𝑛
𝜆𝑓
𝐷𝑜.𝑐
Following the procedure described above, the convective heat transfer coefficient of the 






3.1.4 Convective heat transfer coefficient of the working fluid within the conventional 
water tank
In a conventional water storage tank, natural convection is the major flow state of the fluid 
around the corrugated heat exchange tube. The heat exchange process between the wall of the 
corrugated heat exchange tube and the water can be approximated to a vertical flat wall natural 
convection heat exchange process, which is shown schematically in Fig.7.
Fig. 7.  The approximate natural convection process
The Nusselt number of the heat exchange process in the working fluid can then be expressed 
as:
                                       (18)𝑁𝑢𝑓.𝑡 = 0.59（𝐺𝑟𝑓.𝑡·𝑃𝑟𝑓.𝑡）1/4
                                                         (19)𝐺𝑟𝑓.𝑡 =
𝑔𝛼𝑓∆𝑇𝑙3
𝜈𝑓.𝑡2
                                                        (20)ℎ𝑓.𝑡 = 𝑁𝑢𝑓.𝑡
𝜆𝑓
𝑙
Hence, the heat transfer coefficient can be expressed as:










3.2 Heat transfer efficiency
The exchanged heat in the new and conventional HSEUs can be expressed as:






The Qex can also be expressed as:
                                              (23)𝑄𝑒𝑥 = 𝑐𝑝𝑓𝑐𝑚𝑓𝑐(𝑇𝑓𝑐.𝑖𝑛 ― 𝑇𝑓𝑐.𝑜𝑢𝑡)
The logarithmic mean temperature difference  can be expressed as:△ 𝑇𝑚
                                                     (24)△ 𝑇𝑚.𝑛 =









The theoretical heat exchange efficiency [32] of the new and conventional HSEUs can be 
expressed as:
                                                        (26)𝜀 =   
𝐴𝑘 △ 𝑇𝑚
𝑚𝑐(𝑇𝑓.𝑖𝑛 ― 𝑇𝑓𝑐.𝑖𝑛)
                                                              (27)𝜀 =   
𝐴𝑘 △ 𝑇𝑚
𝑚𝑐(𝑇𝑓𝑐.𝑖𝑛 ― 𝑇𝑡)
The experimental heat exchange efficiency of the new and conventional HSEUs can be 
expressed as:
                                                          (28)𝜀 =   
𝑇𝑓.𝑖𝑛 ― 𝑇𝑓.𝑜𝑢𝑡
𝑇𝑓.𝑖𝑛 ― 𝑇𝑓𝑐.𝑖𝑛
                                                        (29)𝜀 =   
𝑇𝑓𝑐.𝑖𝑛 ― 𝑇𝑓𝑐.𝑜𝑢𝑡
𝑇𝑓𝑐.𝑖𝑛 ― 𝑇𝑡
The equations 22-29 were all incorporated in the computer model and the model outputs are 
presented in following sections.
3.3  Computer model set-up and operational flow diagram 
A detailed computer model was developed to simulate the temperature variation process and 
the heat exchange efficiency of the new and conventional HSEUs. The simulation results are 
compared with the experimental data to validate the accuracy and effectiveness of the computer 
model. The experimental data was the average value of the measurement parameter in every 5 






Fig.8.  The flow chart of the computer model 
4 Experimental system and testing procedure
4.1 System description
Two identical experimental systems were established, one equipped with a conventional HSEU 
and the other with our novel HSEU. The system consists of 16 solar panels (which form an 
integrated solar panel-array), an HSEU and a heat pump. This system enables: (1) collection 
and conversion of the solar radiation from the solar panel-array into useful heat; (2) transfer of 
the solar heat to either the HSEU tank water or heating loop fluid and (3) transfer and 
transportation of the solar/tank heat into the served space via the HSEU and the heating 
elements fitted into the served space.
The conventional HSEU has a 1500L water tank incorporating a coil-type-heat-exchanger 
connected to the solar collectors loop and another coil-type-heat-exchanger connected to the 
heating loop. The in-lab configuration display of the conventional HSEU is shown in Fig. 9.







The new HSEU comprises: (1) a 1500L large heat storage tank to store heat in the tank water 
when the solar irradiation is high and discharge heat to the room space when the solar 
irradiation is low; (2) a 60L small water tank fixed into the HSEU which connects to the heating 
loop and contains a coil-type-heat-exchanger connected to the solar array. The coil-type-heat-
exchanger is made of a number of 40m long special stainless-steel corrugated pipes which were 
divided into 4 parallel rows, and were attached to the small water tank; (3) a submerged water 
pump. The configuration display of the novel double-tank HSEU is shown in Fig. 10, and its 
technical data are listed in Table 3.
Fig. 10. Configuration display of the novel double-tank HSEU
Table 3 The technical data of the heat exchange and storage water tank
Storage tank value
Height 1380 mm Area 0.66 m2
Diameter 1190 mm Volume 1.5 m3
Thickness of insulation 50 mm
Two identical test rooms were used to operate and test the systems. The test rooms have a 
length of 14m, width of 7m and height of 4m and a floor area of 100 m2. The front façade of 
the house faces south. The heat transfer coefficients of building envelopes are listed in Table 
4, which are measured using a BES-GP intelligent multi-channel temperature/heat flow 
detector. Thermal properties of the building components are the same as the actual parameters 


















3mm common glass aluminum alloy window frame (two 
layers)
1.54
Roof Cement mortar +Insulation layer + Waterproof layer + Tile. 0.37
4.2 The testing process and instruments
The two experimental systems, one with the conventional HSEU and the other with the new 
HSEU, were equipped with various measurement instruments and sensors. The temperature, 
flow rate and pressure of the fluids in the solar and heating loops were measured using platinum 
resistance thermometer probes, flow meters and pressure gauges respectively. All the outputs 
of the sensors and instruments were transmitted into a Data Logger and then stored on the 
computer. The specifications, quantity and installation position of the sensors/meters used in 
the measurement process are outlined in Table 5. The tests were carried out under real-time 
operational conditions in Lvliang city, China, which has a typical dry climatic condition and 
enjoyed the sun shining on most days of the year.    
Table 5.  List of experimental testing and monitoring devices
Devices Specifications Quantity Location





2 One branch of solar thermal 
panels; solar thermal panels 
main entrance; 
Anemometer HS-FS01(Huakong single, 
China)
1 Top of the collector
Platinum 
resistance 
PT1000(Zhongjia China) 40 solar thermal panels; testing 











34970A (Agilent, USA) 1 Testing room
Pressure 
gauge  
YN60 0-0.6Mpa (Jiangyin, 
China)
6 Inlet and outlet of water pump; 
Inlet and outlet of solar thermal 
panels; Inlet and outlet of the 
water tank; 
In order to take into account the temperature stratification of the water tank, 5 platinum 
resistance thermometers (TM_1 to TM_5) were installed at various depths as shown in 
Fig.11. The average temperature of the water tank can be calculated by taking an average 
















TM ¡ ª Thermalmeter
Fig.11 The distribution of the thermometers in the water tank
5. Results and discussion
The simulations were run using the exact same conditions as the experiments in order to 
enable comparison of key performance parameters of the system. Such comparison allows 
the calibration of computer models and provides solid grounds for drawing conclusions 
from the system performance. The simulation and experimental results were also 
compared to each other in order to investigate the operational performance of the new 






calibration and comparison work carried out.  
To assess the performance of the HSEUs, a comparison of theoretical and experimental 
results of the two systems, with new and conventional HSEUs, was undertaken. To 
enhance the reliability of the assessment, three representative days in December 2017 
namely, 22nd, 23rd, and 24th, were chosen to perform this analysis. 
Fig.12 and Fig.13 show the variation of the ambient temperature and the solar radiation 
at 22nd, 23rd, and 24th respectively. According to the figures, the ambient temperature and 
the solar radiation increased gradually from around 9:30 to 13:30, and decreased from 
around 13:30 to 16:30 during the three days. However, due to unstable atmospheric flow 
and intermittent cloud cover, the ambient temperature and the solar radiation experienced 
unexpected fluctuations, and thus the performances of the HSEUs were influenced by the 
weather conditions.

















































Fig. 13. Variation of solar radiation at 22nd, 23rd and 24th
5.1 Start-up time of the systems with the new and conventional HSEUs
Figures14-16 present theoretical and experimental average temperature variations of the 
water tanks for each system. As seen in the figures, experimental and simulation results 
are in close agreement, with just small deviations ranging from 0.1% to 5%. Since the 
simulation did not take into account the heat loss and thermal inertia of the HSEU, this 
means that the experimental temperature of the HSEUs is slightly lower than that of the 
simulation data. Additionally, Figs. 14, 15 and 16 present a rapid water temperature 
escalation in the new HSEU, giving a 35 minute time span for the temperature rise while 
the conventional HSEU has a time span of 175 minutes for a similar temperature rise. 
This shows that the new HSEU has a much faster temperature response compared to the 
traditional HSEU, which significantly reduces the period that heating is unavailable. Such 
a fast response will mitigate the possible thermal discomfort of occupants and increase 























Theoretical temp (novel HSEU)
Experimental temp (novel HSEU)
Theoretical temp (traditional HSEU)
Experimental temp (traditional HSEU)
Fig. 14. Variation of the water temperature in the HSEUs 22nd Dec 
 















Theoretical temp (novel HSEU)
Experimental temp (novel HSEU)
Theoretical temp (traditional HSEU)
Experimental temp (traditional HSEU)























Theoretical temp (novel HSEU)
Experimental temp (novel HSEU)
Theoretical temp (traditional HSEU)
Experimental temp (traditional HSEU)
Fig. 16. The variation of temperature of the HSEUs 24th Dec 
5.2 Impact of the HSEUs on the served space temperature
The configuration of the HSEUs directly influence the variation of the temperature in the 
served space. Fig. 17 shows the testing room temperature data recorded from 9:00 to 12:00 on 
24th December 2017. Compared to the room with the conventional HSEU, which has a warm-
up time of 240 minutes and a temperature rise from 16oC to 19oC, the room with the new HSEU 
has a shorter warm-up time of 120 minutes for the air temperature to rise to the same level. The 
faster rise of room temperature can effectively reduce the thermal discomfort to the occupants 
and thus increase the commercial attractiveness of the solar heating systems.



























Fig.17 The variation of room temperature for the two HSEUs
5.3 Comparison of the heat exchange efficiency of the HSEUs
Fig.18 shows the variation of the heat exchange efficiency against  for the new ∆𝑇𝑚/∆𝑇𝑚𝑎𝑥
HSEU.  Comparing the modeling and experimental heat transfer efficiencies, it was found that 
both the experimental and modeling data agreed closely, giving deviations of 0.1% to 10%. 










 experimental heat exchange efficiency







Fig. 18 The heat transfer efficiency of the novel HSEU
Fig.19 shows the variation of the heat exchange efficiency against  for the ∆𝑇𝑚/∆𝑇𝑚𝑎𝑥
conventional HSEU. Comparing the modeling and experimental heat transfer efficiencies, the 
deviations were found to range from 0.1% to 10%, indicating a good agreement between the 














0.9  experimental heat exchange efficiency







Fig. 19 The heat transfer efficiency of the conventional HSEU
The data comparison shown in Figs. 18 and 19 shows that the new HSEU has a much higher 
heat transfer efficiency than the conventional HSEU, by up to 70%. This increased efficiency 
was achieved by two factors: (1) confined tank space and (2) formation of the counter-flow 
between the solar loop fluid and the heating loop fluid, which led to the increased convective 
heat transfer between the tank water and the coil wall.
  
5.4 Comparison of the thermal efficiencies of the solar panel-arrays of the new and 
conventional systems
The new HSEUs produced a significant difference in the temperature of the fluid at the inlet of 
the solar panel-array compared to the old HSEU, and consequently led to a considerable 
difference in solar thermal efficiency. Fig. 20 shows the experimental temperature data from 
inlet of the solar panel-array with the conventional and new HSEU. For the system with 
conventional HSEU, the temperature increased gradually from 29oC to 50oC between 9:30 to 
14:30 and then fell to 36oC by 17:00. For the system with the new HSEU, the intermittent 
operation of the submerged pump enabled the heat charge and discharge processes between the 
large and small tanks to take place using the dedicated control mechanism. This led to more 
frequent variation of the inlet temperature of the solar panel-array, which rose from 28oC to 






the starting the submerged pump. Similarly, the temperature rise from 15:30 to 15:40 was 
caused by switching off the submerged pump. The inlet temperature of the panel-array can 
directly influence the outlet temperature and the solar thermal efficiency. The variation in 
temperature of the solar arrays inlet and outlet are shown in Fig. 20 and Fig. 21 respectively.



















Fig. 20.  The variation of the inlet temperature of the solar thermal array
Fig. 21 shows the experimental temperature data from the outlet of the solar panel-array. For 
the system with the conventional HSEU, the outlet temperature rose from 30oC to 58oC 
between 9:30 and 14:30 and fell from 58oC to 38oC between 14:30 and 17:00. For the system 
with the novel HSEU, the outlet temperature rose from 30oC to 43oC between 9:30 and 10:30, 
and fell to 40oC from 10:30 to 10:40. The temperature fall in the morning was caused by 
switching on the submerged pump. Similarly, the temperature rises from 15:30 to 15:40 was 
caused by the switching off the submerged pump. When the submerged pump was on, heat 
charge and discharge took place involving the mass exchange between the large and small tanks. 
Comparison of the two systems indicates that the system with the new HSEU can achieve a 
more stable outlet temperature from the solar panel-array. Consequently, the temperature of 




























Fig. 21.  The variation of the outlet temperature of the solar thermal array
Based on instant heat supply and solar radiation measurements, the hourly variation of the solar 
thermal efficiency of the panel-arrays was calculated and analyzed. The results for the novel 
and traditional HSEU’s are shown in Fig.22. The system with the new HSEU achieved a higher 
solar thermal efficiency throughout daytime operation, relative to the system with the 
conventional HSEU. The reasons for this are: (1) Enhanced heat transfer coefficient of the new 
HSEU which resulted in a reduced return temperature for the solar loop fluid, enhancing the 
solar thermal efficiency of the panel-array; (2) Faster response to space heating and effective 
heat exchange between the small and large tanks, which resulted in reduced thermal resistance 
and an increased thermal conversion factor for the HSEU, increasing the solar thermal 
efficiency of the panels array. It is shown that during the morning hours between 9:00 and 
10:30, both systems had a similar solar efficiency, due to relatively low solar radiation and 
solar loop fluid temperature, that in turn led to similar heat output to the tank water or heating 
loop fluid. The solar efficiencies of the two HSEUs remained almost constant from 12:30 to 
13:30 and the solar efficiency of the novel HSEU was 14.7% higher than that of the 
conventional HSEU. During this same period, the average temperatures of the novel HSEU 
small tank and the conventional tank both equaled 43°C, which means they had same space 
heating ability. However, due to the high convective heat transfer coefficient the novel HSEU 

































Fig. 22.  The variation of the solar thermal efficiency of the solar thermal collector 
array with different HSEUs
5.5 The heat charge and discharge processes of the new HSEU
During daytime operation, when the heat supply from the solar panel-array is usually larger 
than the heat demand of the served space, the heat storage process takes place leading to the 
transfer of heat from the small tank to the large tank. In this case, the sub-merged pump was 
on from 10:30 to 15:30 which enabled the mass and heat transfer between the small and large 
tanks, resulting in the rise of temperature for the large tank from 35oC to 48oC. The heat charge 
process for a typical day is shown in Fig. 23. To summarise, a total of 25kWh heat was charged 
into the large tank (1.5ton capacity) during day-time operation, this amount of heat was then 
discharged into the small tank during the evening and night, thus enabling an extended heating 































Fig. 23 The temperature variation of the heat storage tank
Fig. 24 shows the heat discharge process taking place between 16:30 and 03:00 the next day. 
The large tank experienced a minor temperature fall (from 48oC to 47oC) during the period 
between 16:30 and 24:00, indicating that a small heat discharge process took place between 
the large tank and the small tank. During the period between 0:00 and 3:00, the large tank 
temperature fell from 47oC to 35oC indicating that a significant heat discharge took place. This 
resulted in a total of 20kWh heat being transferred to the heating loop fluid via the small tank, 
which enabled an extended heating service time to the served space.  
































A novel interactive-double-tank-based heat storage/exchanging unit (HSEU) was developed to 
create a fast responsive solar heating system. This HSEU comprises a small heat exchange 
water tank and a large heat storage tank. The small tank is for fast thermal energy transfer to 
the heating loop fluid without the need to heat up the large volume of the water in the entire 
HSEU tank. The large heat storage tank is for charging and discharging heat into the small heat 
exchange tank, thus fulfilling the function of storing spare heat and releasing stored heat for 
space heating as required. In this paper we investigate the heat transfer between the solar loop 
and heating loop fluids, the heat and mass transfer between the small and larger tank fluids and 
the associated operational strategy, both experimentally and theoretically. 
 
The interactive double-tank structure enables the novel HSEU based solar energy space heating 
system to respond to the heat demand of the served space in a faster and more energy efficient 
way. While a conventional HSEU is much slower to provide heating after sunrise, the system 
with the new HSEU can provide heating to the served space within approximately 20 minutes 
of sunrise. With a relatively low solar radiation level of 200 to 300 W/m2, the system can 
deliver 40oC hot water to the heating loop system for the purpose of space heating. The 
analytical model developed by the authors achieved a good accuracy in predicting the 
performance of the HSEUs, giving a discrepancy of less than 10% compared to experimental 
results. 
The new HSEU design can significantly increase the heat transfer effect. According to 
theoretical calculation, the new HSEU has a considerably higher heat transfer coefficient 
(391W/m2·K) compared to that of the conventional HSEU (60.5 W/m2·K).
In addition, the novel HSEU led to an increase in solar thermal efficiency of the panel-
array, due to a reduced temperature at the inlet of the solar panel-array. This leads to 
enhanced heat transfer between the solar loop and heating loop fluids and between the 
small and large tank water. Experimental Results showed an increase in the solar thermal 
efficiency for the panel-array of 7.5% under a solar radiation level of 500 W/m2.
The capability of the novel HSEU to store the spare heat and maintain the room 
temperature was also investigated. During the day time the temperature of the HSEU 






night, when the room temperature reached the lower limit, the HSEU released the stored heat 
to maintain the room temperature, which indicates the HSEU can extend heating service time 
to the served space.
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1. A novel fast-responsive heat storage/exchanging unit (HSEU) is proposed.
2. It is the first time a small tank for heat transfer is used in a large storage tank.
3. Experimental tests on the prototype have been conducted.
4. The HSEU can save 140 minutes for a temperature increment of 10 ℃.
5. The concept of fast-responsive storage for solar heating systems is demonstrated.
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